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The efferent ductules (ED) are a major target for estrogens, which act via the estrogen receptors ERa
(ESR1) and ERb (ESR2). ERa has been found in the ED of all species studied so far. However, in the epi-
didymis (EP), the expression of ERa is controversial, as is data about the occurrence of aromatase in
the epithelium lining the excurrent ducts. Therefore, to further investigate this estrogen-responsive sys-
tem, we used a seasonal breeder, the Neotropical bat, Artibeus lituratus, in which testicular expression of
androgen (AR) and estrogen (ER) receptors vary with reproductive phase. The localization of aromatase,
ERa, ERb and AR in the ED and EP of A. lituratus was investigated. The results showed that aromatase, AR
and ERb were distributed throughout the excurrent ducts and did not vary during the annual reproduc-
tive cycle. Conversely, ERa was detected primarily in the ED epithelium, had marked seasonal variation
and was increased during regression, especially in the EP epithelium. The results suggest that ERamay be
involved in preparing the male genital tract for recrudescence. Together, the data obtained under natural
conditions emphasize that speciﬁc segments of the excurrent ducts downstream of the testis are the pri-
mary targets for estrogen action via ERa, which is similar to previous ﬁndings in animals lacking func-
tional ERa.
 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
The aromatization of androgens to estrogens by cytochrome
P450 aromatase is crucial for the maintenance of male fertility.
In males, estrogen biosynthesis occurs mainly in the testis, where
aromatase has been largely detected in the Leydig cells, as well
as in germ cells and released sperm [revised by [7]. Aromatase
expression in the genital tract has been controversial. Earlier stud-
ies described the expression and activity of aromatase as restricted
to sperm traversing the excurrent ducts [24,25]. Others have found
aromatase in the epithelial cells lining the efferent ductules and
epididymis of a few species; however, some of these studies were
performed only at the mRNA level [6,17,39,44]. The presence of
aromatase mRNA does not necessarily correlate with the presence
of the protein. For instance, it was previously demonstrated that
the presence of aromatase mRNA in the germ cells of the testis
can precede the protein and that the protein may remain in the tis-
sue in the absence of the mRNA [19]. Therefore, to better elucidate
the presence of aromatase in other species, it would be importantrlos, 6627, 31270-901, Belo
er OA license.to clarify whether the epididymis has the ability to produce
estrogen.
Estrogens act via the nuclear receptors ERa (ESR1) and ERb
(ESR2), which are expressed in the male genital system in an or-
gan- and species-speciﬁc manner [21,28]. ERb has a widespread
expression in the epithelium and connective tissue cells along
the male genital tract. Concerning ERa, there is consensus in the
literature that it is mainly conﬁned to the efferent ductules
[14,16,21,22,28,32,33,40]. In agreement with the protein data,
the ERa mRNA concentration in this segment exceeds those of
the classic estrogen targets such as the uterus [22]. ERa plays a ma-
jor role in modulating local ﬂuid reabsorption, an essential func-
tion for male fertility and genetic or chemical disruption causes
severe abnormalities in the structure of the efferent ductules, thus
affecting the reabsorption function [20,35,37]. As a consequence,
there is local ﬂuid accumulation that backs up to the testis, which
leads to testicular atrophy and infertility. There is evidence that
ERa modulates the expression of key proteins involved in ﬂuid
reabsorption, such as Na+–H+ exchanger 3 (NHE3) and aquaporin
9 [34,37,57].
In contrast to the efferent ductules, the expression of ERa in
other segments of the male genital system is still a matter of de-
bate, as it was detected in some mammalian species [17,32,58]
but not in others [14,16,21,22,28,40]. These controversial data
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functional role of estrogens in the epididymis. Moreover, there
are no data about estrogen receptors in the male genital tract of
Chiroptera.
Little is known about the physiology of the male reproductive
system of bats that inhabit tropical regions, especially concerning
their hormonal regulation. Recently, it was demonstrated that
Neotropical bats from the Artibeus lituratus species present consid-
erable variation in the testicular expression of androgen and estro-
gen receptors during the annual reproductive cycle [38]. However,
information about the occurrence of estrogen receptors in the
excurrent ducts of bats is still lacking. Additionally, there is no
information about aromatase in the male genital system of Chirop-
tera. This enzyme is important in regulating the reproductive cycle
in other seasonal animals [5,47,55]. Furthermore, there is evidence
that bats, in addition to primates including man, are unique among
mammals, as they present steroid hormone-binding globulin
(SHBG) with a higher afﬁnity for estrogens than androgens
[9,30]. All these features make bats an appropriate model for stud-
ies on estrogen in male reproduction.
Therefore, as a seasonal breeder with natural variations in ER
levels, A. lituratus is an interesting model for elucidating the role
of estrogen in the male without interference from other physiolog-
ical systems, as occurs in knockout or castrated and chemically
treated models. Therefore, the purpose of this study was to inves-
tigate the expression and possible alteration in the level and cellu-
lar distribution pattern of the P450 aromatase enzyme, ERa and
ERb in the male genital tract of big fruit-eating bat A. lituratus by
comparing the reproductive and non-reproductive periods. As a
primary steroid hormone regulating the male system, the distribu-
tion of androgen receptors was also assessed.2. Materials and methods
Adult male bats of the A. lituratus species were captured during
the reproductive (August to beginning of December) and regressive
(middle of December to early April) periods. The captures were
carried out in Belo Horizonte (19 550S and 43 560W) in southeast-
ern Brazil. The captures were performed using mist nets (3  12 m)
that were placed on trails of ﬂight pathways to intercept bats ﬂying
1–2 m above the ground.
The captured males were considered adults when they pos-
sessed teeth wear and a complete ossiﬁcation of the metacarpal
epiphyseal. These parameters are routinely used for determining
the age of bats [38]. The capture and all experimental procedures
were authorized by the Instituto Brasileiro do Meio Ambiente e
dos Recursos Naturais Renováveis (IBAMA, Brazil) and the Comitê
de Ética em Experimentação Animal (CETEA) da Universidade
Federal de Minas Gerais (UFMG).
2.1. Tissue preparation
The bats were weighed and anesthetized with 30 mg/kg pento-
barbital and 20 mg/kg ketamine chloridrate (i.p.). The perfusion
was performed transcardially via the left ventricle with 10% neu-
tral buffered formalin (NBF) for the immunohistochemical assay
or 2.5% glutaraldehyde in 0.1 M phosphate buffer for the histolog-
ical studies. After ﬁxation, the efferent ductules and epididymis
were removed and weighed together.
2.2. Microdissection
Microdissection, in association with a procedure for the differ-
entiation of epithelial derivatives [50], was performed to describe
the number and anatomical organization of the efferent ductules.This procedure allows a better visualization of the epithelial tissues
that are intensely stained by Ehrlich’s acid hematoxylin, while the
connective tissue is slightly stained, which facilitates the microdis-
section. For this purpose, NBF-ﬁxed efferent ductules were macer-
ated by denaturation in an aqueous 4% KOH solution under
agitation until the tissues became translucent. After maceration,
the tissues were immersed in an aqueous clearing solution con-
taining glycerin (1 part) and glacial acetic acid (1.5 parts) for
12 h. Then, the efferent ductules were stained with Ehrlich’s hema-
toxylin for approximately 2 h with two changes of the staining
solution. After staining, the efferent ductules were rinsed in the
clearing solution for 3 min and transferred to an aqueous solution
of glycerin (1 part) for 4 h.
2.3. Histology
The efferent ductules and epididymis were dehydrated in
graded ethanol solutions (50–100%), embedded in glycol methac-
rylate (Technovit 7100; Heraeus Kulzer, Germany), sectioned at
3 lm and placed in glass slides. The sections were stained with
hematoxylin and eosin (HE), and toluidine blue/sodium borate
(1%) for histological analysis. To evaluate the presence of glycocon-
jugates, such as those present in lysosomes [23], the sections were
also stained by periodic acid-Schiff reactive (PAS) and counter-
stained with hematoxylin.
2.4. Morphometry
The epithelial height and external diameter of efferent ductules
and the epididymal duct were measured on histological sections of
04 animals in the reproductive and regressive periods. For this pur-
pose, digital images were obtained using a Nikon Eclipse E600
microscope (Nikon Co., Melville, NY) and analyzed with Image Tool
software (University of Texas Health Sciences Center, San Antonio,
TX). The epithelial height was measured from the basement mem-
brane to the microvillus base in twenty-ﬁve cells of each animal in
straight sections with evident nuclei [35]. The external tubular
diameter was measured in ﬁve randomly chosen transversal pro-
ﬁles of efferent ductules and the epididymal duct from the initial
segment, caput, corpus and cauda regions.
The number of ERa positive cells per area of efferent ductules
(non-ciliated, ciliated, smooth muscle and connective cells) and
in the epididymis (principal, basal, smooth muscle and connective
cells) (n = 4 for each period) was estimated in four randomly se-
lected sections of each segment. In each section, the positively
stained nuclei were counted at 400 magniﬁcation in a total area
of 0.25 mm2 by using a grid divided into 100 squares, which was
coupled to the eyepiece of the microscope. The results were con-
verted to cells per mm2 and statistically analyzed, according to
Aherne and Dunnill [1].
2.5. Immunohistochemistry
Fragments of NBF-ﬁxed efferent ductules and epididymis (n = 5)
were dehydrated in graded ethanol solutions (50–100%), embed-
ded in parafﬁn and sectioned at 5.0 lm. Immunohistochemistry
was performed to detect the occurrence and cell distribution of
aromatase, estrogen receptors (ERa and ERb) and androgen recep-
tors (AR). For this purpose, the sections were deparafﬁnized, hy-
drated and immersed in a 0.6% methanol hydrogen peroxide
solution for blocking the endogenous peroxidase. After microwa-
ving for antigen retrieval, the endogenous biotin activity was
blocked with avidin and a biotin-blocking solution (avidin/biotin
blocking kit; Vector Laboratories, Burlingame, USA). Prior to incu-
bation with the primary antibodies, normal goat serum (10%)
was used for blocking the nonspeciﬁc antibody binding. Then,
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matase (AbD Serotec, Oxford, UK; diluted 1:50), mouse anti-human
ERa (Novocastra Laboratories, Newcastle, UK; diluted 1:100),
mouse anti-human ERb (Novocastra Laboratories, Newcastle, UK)
diluted 1:25 and rabbit anti-human AR (PG21; Upstate, Lake Place,
NY; diluted 1:500) primary antibodies. The titre and speciﬁcity of
the antibodies have previously been standardized for A. lituratus
[38]. The negative control sections received phosphate- buffered
saline (PBS) instead of the primary antibody. After washing in
PBS, all sections were exposed for 1 h to biotinylated secondary
antibodies (Dako, Carpinteria, USA), including goat anti-mouse
for aromatase, ERa and ERb and goat anti-rabbit for AR. The sec-
tions were incubated with the avidin–biotin complex (Vectastain
Elite ABC kit; Vector Laboratories, Burlingame, USA) for 30 min,
and the immunoreaction was visualized using 3,3 diaminobenzi-
dine containing 0.01% hydrogen peroxide in 0.05 M Tris–HCl buf-
fer, pH 7.6. Mayer hematoxylin was used to counterstain the
sections. The immunostaining was performed in triplicate to con-
ﬁrm the results.2.6. Western blotting
Western blot assays were performed on the efferent ductules
and epididymis (caput, corpus and cauda) to conﬁrm the immuno-
histochemistry results. For this purpose, pooled tissues of six ani-
mals in the reproductive and regressive periods were used.
The efferent ductules and epididymis tissues were macerated
with dry ice, and the total protein was extracted with a sucrose
buffer (pH 7.4) containing 0.01 M EDTA and a protease inhibitor
cocktail (Sigma–Aldrich, St. Louis, USA). The proteins were quanti-
ﬁed by a Bradford protein assay using Proteoquant (Proteobras,
Paulínia, BR). The proteins (20 lg/lane) were separated by 12% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–
PAGE), transferred to nitrocellulose membranes and blocked with
10% normal goat serum (NGS) for 1 h at room temperature. TheFig. 1. Anatomical aspects of the efferent ductules (ED) and epididymis (EP) of Artibeus
epididymis. (B) During the regressive period, there was a signiﬁcant reduction in the effer
divided into the caput (CB), corpus (CO) and cauda (CA) segments. The epididymis regre
compose mostly the epididymis caput. Scale bar in C = 0.5 cm.membranes were incubated overnight with primary antibodies di-
luted 1:300 for mouse anti-human ERa (Novocastra, Newcastle,
UK) and rabbit anti-human AR (Upstate, Temecula, EUA) or 1:150
for mouse anti-aromatase (AbD Serotec, Oxford, UK) and mouse
anti-human ERb (Novocastra, Newcastle, UK). Then, the mem-
branes were washed with PBS-Tween 0.05% followed by incubation
with the secondary antibodies (goat anti-mouse for aromatase,
ERa and ERb and goat anti-rabbit for AR; Dako, Carpinteria, CA)
diluted 1:1000. After several washes in PBS-Tween 0.05%, the reac-
tion was developed by the addition of 0.1% of 3,3 diaminobenzidine
and 0.05% of chloronaphthol in PBS, 16.6% methanol and 0.04%
H2O2. Deionized water was used to stop the reaction. All Western
blots were replicated and the densities of the bands obtained esti-
mated by Image-Tool software 3.00 (University of Texas Health
Sciences Center, San Antonio, USA).
2.7. Statistical analysis
The values obtained from the organ weights and morphometri-
cal studies were analyzed using the software Statistica 7.0 for Win-
dows (StatSoft Inc., Tulsa, OK, USA). Initially, the data were
subjected to the Shapiro–Wilk W normality test followed by a Stu-
dent’s t-test analysis. A normal distribution of the data was consid-
ered if PP 0.05, and differences between groups were considered
statistically signiﬁcant when P 6 0.05.
3. Results
3.1. Efferent ductules
In common with large mammals and primates [23], the efferent
ductules of A. lituratus emerged from the extra-testicular rete testis
near the tunica albuginea that connects the testis to the epididymis
through 12–15 ﬂexuous ductules (Fig. 1A). The ductules run paral-
lel to each other in the proximal region. They then anastomose,lituratus. (A) The ED (numbered 1-11) emerges from the rete testis and joins to the
ent ductules and epididymis weight. ⁄P 6 0.05; n = 5. (C) The epididymis was grossly
ssion occurred simultaneously to the testis regression (T). (D) The efferent ductules
Table 1
Epithelial height and external diameter of efferent ductules and epididymis of Artibeus lituratus during the reproductive and regressive periods.
Region Epithelial height (lm) External diameter (lm)
Reproductive period Regressive period Reproductive period Regressive period
Efferent ductules
Proximal 14.4a 12.0⁄,a 50.5a 41.7⁄,a
Distal 13.8b 11.1⁄,b 42.1b 34.7⁄,b
Epidydimis
Initial segment 40.4c 17.9⁄ 125.9 61.4⁄
Caput 31.3d 17.5⁄ 110.1g 60.5⁄
Corpus 29.6e 22.0⁄ 128.9 67.8⁄
Cauda 21.4f 18.2⁄ 133.8 93.7⁄,h
n = 4; ⁄Statistical difference between periods (P 6 0.05).
a,b Statistical difference between regions of efferent ductules.
c,d,e,f,g,h Statistical difference between regions of Epididymis.
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epididymal duct.
The efferent ductules were lined by a simple columnar epithe-
lium containing ciliated and non-ciliated cells, with the latter being
more abundant. The non-ciliated cells were characterized by the
presence of oval nuclei with a basal location and numerous PAS-
positive granules dispersed throughout the cytoplasm. The ciliated
cells were usually goblet-like in shape and had nuclei that were lo-
cated more apically than those of the non-ciliated cells. The epithe-
lial height and the external diameter of the ductules were more
pronounced in the proximal region than in the distal region (Table
1). Externally, the ductules were surrounded by one or two layers
of smooth muscle cells that were concentrically arranged.
During the regressive period, there was a signiﬁcant reduction
in the epithelial height and external diameter of the efferent duc-
tules (Table 1). In these ductules, the PAS-positive granules were
scarce in the cytoplasm of the non-ciliated cells and absent in
the ciliated cells. The connective tissue that is interspaced on the
ductules became more prominent in this period.3.2. Epididymis
The epididymis of A. lituratus weighed approximately 30 mg
and presented well-deﬁned anatomical caput, corpus and cauda
regions (Fig. 1B and C). The caput of the epididymis was mostly
composed of the efferent ductules (described above), which were
followed by a short initial segment and the caput proper (Fig. 1C
and D). The histological structure of the epididymal duct of A. litu-
ratuswas similar to that described in other mammals [18]. The epi-
didymal epithelium was pseudostratiﬁed and composed of
principal, basal, apical, narrow, halo and clear cells. These cells
were randomly distributed throughout the epididymal duct. The
epithelial height of the epididymal duct varied according to the re-
gion (Table 1) and from the initial segment toward the cauda, the
epithelial height gradually decreased.
During the non-reproductive period, A. lituratus showed an epi-
didymal regression in all segments and the epididymal weight was
reduced by approximately 60% (Fig. 1B). The epithelium height was
reduced by 55% on average in the initial segment, 44% in the caput,
25% in the corpus and 15% in the cauda (Table 1). The external
tubular diameter was also signiﬁcantly reduced in all regions:
50%, 45%, 47% and 30% for the initial segment, caput, corpus and
cauda, respectively (Table 1). Even with the regression, it was pos-
sible to distinguish all epithelial cell types identiﬁed during the
reproductive period. The lumen became reduced without sperm
but presented some secretion and sloughed degenerating cells. A
pronounced increase in the layers of smooth muscle cells and
adjacent connective tissue, especially in the caudal region, was
observed.3.3. Pattern of aromatase distribution
In the efferent ductules, the cytoplasm of non-ciliated cells
were positive for aromatase, whereas the ciliated cells were unre-
active (Fig. 2A), and the cytoplasm of the principal cells and some
basal cells of the epididymis were aromatase positive (Fig. 2C, E, G,
I). Cells identiﬁed as apical, narrow and halo cells presented immu-
nonegative or just slightly positive cytoplasm. The clear cells were
not identiﬁable with the methods employed in this study. In the
epididymal cauda (Fig. 2I) and ductus deferens (data not shown),
the epithelial immunostaining for aromatase appeared weaker
than in the caput and corpus. Aromatase was not immunodetected
in the peritubular smooth muscle cells.
There were no detectable changes in the pattern and intensity
of the aromatase reactivity when ducts at the reproductive and
regressive periods were compared (Fig. 2).3.4. Pattern of ERa distribution
During the reproductive period, the nuclei of non-ciliated cells
of the efferent ductule epithelium presented an intense immunore-
action for ERa, whereas the ciliated cells were slightly positive for
the receptor or negative (Fig. 3A). Rare connective tissue cells and
smooth muscle cells surrounding the ductules were slightly posi-
tive for ERa (Fig. 3A). The staining of these cells was weak, which
is in contrast with the cells of the blood vessels tunica media that
were moderately to strongly stained for the receptor (data not
shown).
In the regressive efferent ductules, the ERa staining intensity of
the epithelial cells was similar to that observed in the reproductive
period (Fig. 3B), although the number of positive ciliated cells was
signiﬁcantly increased (Fig. 4A). The number of ERa-positive cells
was also increased in the periductal smooth muscle layer and con-
nective tissue (Fig. 4A).
The epididymal duct in the reproductive period was negative
for ERa, except for some basal epithelial cells and smooth muscle
cells surrounding the ducts that were slightly to moderately posi-
tive for this receptor (Fig. 3C, E, G, I). Some connective tissue cells
were strongly positive for ERa, especially in the cauda region.
During regression, the immunoreaction for ERa was more
extensive in the epididymis compared to the reproductive period,
especially in the initial segment (Fig. 3D, F, H, J). In the epithelium,
in addition to the intense positivity of the basal cells along the
duct, a moderate staining was detected in the principal cells of
the initial segment, caput and corpus. The increase in ERa-positive
cells in the epithelium of all these segments was statistically signif-
icant (Fig. 4B–E). The increase in the number of periductal smooth
muscle and connective tissue cells in the regressive epididymis
was also signiﬁcant (Fig. 3D, F, H, J and 4B–E).
Fig. 2. Immunolocalization of P450 aromatase in the efferent ductules (ED) and epididymis of Artibeus lituratus during the reproductive and regressive periods. IS = initial
segment; CB = caput; CO = corpus; CA = cauda; NC = non-ciliated cells; CC = ciliated cells; CT = connective tissue; SM = smooth muscle cells; P = principal cells; B = basal cells;
and N = narrow cells. Inserts in (B, D, F, H and J) are negative controls. Scale bars in (A–J) = 50 lm.
R.L. Oliveira et al. / General and Comparative Endocrinology 179 (2012) 1–13 5Similar to the cauda epididymis, the epithelium of the ductus
deferens was negative for ERa in both periods analyzed. Con-
versely, most smooth muscle cells were positive for the receptor.
The intensity of the staining was higher in cells during the regres-
sive period (data not shown).3.5. Pattern of ERb distribution
In the epithelium of the efferent ductules, both the ciliated and
non-ciliated cells were positive for ERb (Fig. 5A). The intensity of
staining for these cells was similar. Along the epididymis (Fig. 5C,
Fig. 3. Immunolocalization of ERa in the efferent ductules (ED) and epididymis of Artibeus lituratus during the reproductive and regressive periods. IS = initial segment;
CB = caput; CO = corpus; CA = cauda; NC = non-ciliated cells; CC = ciliated cells; CT = connective tissue; SM = smooth muscle cells; P = principal cells; B = basal cells;
bar = epithelial height; and double arrows = external diameter; ⁄ = transition between efferent ductules and epididymis. Inserts in (B, D, F, H and J) are negative controls. Scale
bars in (A–J) = 50 lm.
6 R.L. Oliveira et al. / General and Comparative Endocrinology 179 (2012) 1–13E, G, I) and ductus deferens (data not shown), all epithelial cells
showed a strong positivity for ERb. Some basal cells were more in-
tensely stained than the other epithelial cells in both segments.The epithelial ERb immunoreaction was similar in the efferent
ductules, epididymis (Fig. 5) and ductus deferens (data not shown)
when the reproductive and regressive periods were compared.
Fig. 4. Statistical analysis of the ERa expression in the efferent ductules and epididymis of Artibeus lituratus during the reproductive and regressive periods. NC = non-ciliated
cells; CC = ciliated cells; CT = connective tissue; SM = smooth muscle cells; PR = principal cells; and BA = basal cells. ⁄P 6 0.05.
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the connective tissue cells from the efferent ductules to the ductus
deferens were positive for ERb in both periods analyzed.
3.6. Pattern of AR distribution
During the reproductive period, the nuclei of non-ciliated cells
of the efferent ductules epithelium were moderately positive for
AR, whereas the ciliated cells were unreactive or weakly stained
(Fig. 6A). In the epididymal epithelium, the principal cells pre-
sented a more intense reaction for AR, which is in contrast with
the basal, apical, narrow and clear cells that were just slightly
stained (Fig. 6C, E, G, I). Some basal cells were barely stained for
AR. An intense positivity for AR was also detected in the epithelium
of the ductus deferens. An intermittent staining for AR was de-
tected in the periductal smooth muscle cells and some cells of
the connective tissue along the excurrent ducts (data not shown).
The pattern of AR staining remained similar in the regressive
efferent ductules, epididymis (Fig. 6B, D, F, H, J) and ductus defer-
ens (data not shown), compared to those of the reproductive peri-
od (Fig. 6A, C, E, G, I).
The results of immunohistochemistry assays for P450 aroma-
tase, ERa, ERb and AR are summarized in Table 2 and Fig. 7.3.7. Western blotting assays
The results of the immunohistochemistry for aromatase, ERa,
ERb and AR were conﬁrmed by Western blot assays in which spe-
ciﬁc bands of 55, 68, 54 and 110 KDa, respectively, were detected
(Fig. 8A–D). The expression of ERa was higher in the efferent duc-
tules, especially in the regression. Along the epididymis, the ERa
level was more pronounced during regression. The blots revealed
similar expressions of aromatase, ERb and AR in the efferent duc-
tules and diverse segments of the epididymis during both the
reproductive and regressive periods.4. Discussion
This study describes for the ﬁrst time the occurrence and differ-
ential distribution of ERa, ERb, aromatase and the androgen recep-
tor along the excurrent ducts of a seasonal bat species, A. lituratus.
It was interesting to ﬁnd that ERa was the only protein to show
variations in expression in the epithelial, peritubular and connec-
tive tissue cells during the annual reproductive cycle. This result
was obtained under natural conditions, which provide reliable re-
sults without the usage of drug or genetic interference. Different
Fig. 5. Immunolocalization of ERb in the efferent ductules (ED) and epididymis of Artibeus lituratus during the reproductive and regressive periods. IS = initial segment;
CB = caput; CO = corpus; CA = cauda; NC = non-ciliated cells; CC = ciliated cells; CT = connective tissue; SM = smooth muscle cells; P = principal cells; B = basal cells; A = apical
cells; and N = narrow cells. Arrowhead = stronger staining in some basal cells. Inserts in (B, D, F, H and J) = negative control. Scale bars in (A–J) = 50 lm.
8 R.L. Oliveira et al. / General and Comparative Endocrinology 179 (2012) 1–13from the excurrent ducts, a previous study on the testis of A. litu-
ratus revealed that ERb and AR, but not ERa, were the receptors
that followed a seasonal variation [38]. Together, these data further
emphasize that speciﬁc segments of the excurrent ducts down-
stream of the testis are the primary targets for estrogen action
via ERa, as shown in other models [20,37].The efferent ductules of A. lituratus compose most of the caput
of the epididymis, a feature that is similar to those of humans
[23,53]. Also similar to humans and large mammals, there are
12–15 efferent ductules that merged to form approximately 6 ter-
minal ductules, which connect to the epididymal duct separately
[21,23,53]. Information about the bat efferent ductules was found
Fig. 6. Immunolocalization of AR in the efferent ductules (ED) and epididymis of Artibeus lituratus during the reproductive and regressive periods. IS = initial segment;
CB = caput; CO = corpus; CA = cauda; NC = non-ciliated cells; CC = ciliated cells; CT = connective tissue; SM = smooth muscle cells; P = principal cells; B = basal cells; A = apical
cells; and N = narrow cells. Inserts in (B, D, F, H and J) = negative control. Scale bars in (A–J) = 50 lm.
R.L. Oliveira et al. / General and Comparative Endocrinology 179 (2012) 1–13 9only for Vesperugo (=Pipistrellus) savii and Vesperugo piccolo [4] and
fewer individual ductules are described (4–6) than those found in
A. lituratus.
Data about the localization of aromatase in the efferent ductules
and epididymis are scarce and in efferent ductules it has only beendescribed in man [6]. In the epididymis, aromatase has been
immunolocalized in the stallion epididymis [17], and there is also
information that the epithelium may produce estrogen in the rhe-
sus monkey and rat, as shown by in vivo and in vitro experiment,
respectively [39,51]. Corroborating these data, immunoreaction
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efferent ductules and epididymis, conﬁrming that the epithelium
of both segments may produce estrogen to target the local ERa
and/or ERb. In contrast with the ﬁndings of a reduced aromatase
concentration in the testis of seasonal animals in regression
[5,47,55], the aromatase level in the regressed efferent ductules
and epididymis of A. lituratus was unchanged. It is hypothesized
that the maintenance of this enzyme at regression may guarantee
a source of the estrogens to act at the increased epithelial ERa in
the regressed epididymis.
Concerning the estrogen receptors, ERawas mostly restricted to
the non-ciliated epithelial cells of the efferent ductules, as has been
described for several other species [10,14,16,21,28,32, 33,40,41,46].
This result is in agreement with the main functional role that has
been attributed to ERa, which is the modulation of ﬂuid reabsorp-
tion by the non-ciliated cell [20,21,37,57].
Conversely, the epithelium of the epididymis of reproductive A.
lituratus was mostly unreactive for ERa. An unreactive epididymis
for ERa has been found in several species, including adult rats
[3,14], hamsters [21], dogs [32], goats [16], roe deer [41], sheep
[46], marmosets [14,21] and humans [10], although in developing
animals there is a variable distribution of ER in the epididymal epi-
thelium [2,3,14,17]. The higher ERa expression during develop-
ment and in the regressive phase of the adult epididymis
(present results) suggests a role for estrogen in determining the
structure of the male genital tract. These data also reinforce the
idea that in addition to species differences for ERa expression, it
is important to take in account the age and reproductive phase of
the animals to interpret the physiological role of local ER
expression.
In the epididymal epithelium of A. lituratus, the strongest posi-
tivity for ERa, ERb and aromatase was detected in some basal cells,
which reinforced the postulate that the basal cells comprise differ-
ent cellular populations and may play different roles in the epidid-
ymal epithelium [8,54]. ERa-positive basal cells were also found in
the golden hamster, cat, roe deer, horse and Macaca arctoides
[17,28,32,40,41]. Similarly, the basal cells that were positive for
aromatase were described for stallions and humans [6,17]. Con-
versely, the basal cells of the A. lituratus epithelium were weakly
reactive for AR, which corroborated a previous study that described
little dependency on androgens for these cells [43]. The basal cells
have multifunctional roles in the epididymis, such as endocytosis,
detoxiﬁcation, and immune protection [45,54]. An additional func-
tion of the basal cells is paracrine regulation of the principal and
clear cells for electrolyte and water transport [31,45]. Direct regu-
lation of ﬂuid reabsorption has been described as a major role for
estrogen/ERa in the efferent ductules [20,34,37]. Less is known
about the modulation of ion/water movement by estrogen in other
segments of the epididymis. Nevertheless, recent ﬁndings on ERa
knockout mice (aERKO) revealed that the epididymal duct was un-
able to regulate the pH of the luminal ﬂuid in the absence of this
receptor, which thus interferes with the spermmaturation and fer-
tility [27,29]. Given the importance of these ﬁndings, it would be of
interest to further investigate the possible role of estrogen in reg-
ulating the luminal ﬂuid homeostasis in the epididymis, possible
through basal cell modulation.
As presently found, little expression of ERa in the interstitium
of the efferent ductules has been described [22,32,58]. However,
this receptor was more widely expressed during regression, and
it was detected in most connective cells and smooth muscle cells
surrounding the efferent ductules of A. lituratus. These data are in
agreement with other studies that revealed interstitial compo-
nents of efferent ductules as a molecular target for estrogen mod-
ulation [15,52]. A greater number of positive connective and
muscle cells was also found in the regressive rete testis [38] and
epididymis (present result) of A. lituratus. ERa has been consis-
Fig. 7. Schematic representation of the expression of P450 aromatase, ERa, ERb and AR in the efferent ductules (ED) and initial segment (IS), caput (CB), corpus (CO) and
cauda (CA) of the Artibeus lituratus epididymis during the reproductive (A) and regressive (B) periods.
Fig. 8. Western blot assays for aromatase (A), ERa (B), ERb (C) and AR (D) in the genital tract of Artibeus lituratus. The respective molecular weights are shown on the left. The
blots shown are representative of three different assays. ED = efferent ductules; CB = caput; CO = corpus; and CA = cauda.
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didymis and ductus deferens [32,58]. A functional role for estro-
gens acting via ERa in modulating the contractile activity of the
epididymis smooth muscle cells has long been described [12,13].
However, a greater expression of ERa in the muscle layer of the
male genital tract of A. lituratus was detected in the regressive per-
iod when the luminal sperm were absent. These data suggest that
besides contractibility, ERa may be involved in other epididymal
functions. Indeed a recent study revealed that ERa is essential for
proliferation of smooth muscle cells in the rat prostate [56]. Addi-
tionally, there is a growing body of evidence that factors arising
from the interstitium may be important in stimulating epithelial
cells by a paracrine action in diverse organs [49,56].
In contrast with ERa, the epithelial staining for ERb and AR was
similar in all segments of the male tract examined during the
reproductive and regressive periods. This lack of change suggests
that these receptors are important for the maintenance of essential
epithelial functions irrespective of the season. A constitutive
expression of ERb in the efferent ductules of rats was previously
described [36]. Unaltered ERb expression in other male genital or-
gans submitted to different experimental designs has also been
found [2,3,11,15,40,42,48]. During the annual reproductive cycle
of hibernating bats, there is a drastic change in testosterone, but
not dihydrotestosterone (DHT), and androstenedione levels [26].
The occurrence of another AR ligand, such as DHT, may explain
the unchanged levels of AR in the A. lituratus epididymis duringthe regressive period, when it is possible that the testosterone lev-
els are low.5. Conclusions
In conclusion, the presence of aromatase in both the reproduc-
tive and regressive periods indicates an alternative source of estro-
gen when the testicular levels are reduced. The AR and ERb
receptors appeared to be constitutively expressed in the male gen-
ital tract of A. lituratus during the reproductive annual cycle,
whereas ERa followed a remarkable seasonal variation by increas-
ing during regression. These data suggest that ERamay be involved
in important functions, such as preparing the male genital tract for
the next reproductive period.Acknowledgments
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